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(54) REDUCED CROSS TALK PULSE OXIMETER (57) ABSTRACT 

A system and method of reducing cross talk in pulse 
oXimetry signals that are attenuated by a patient tissue site 
are provided. In one embodiment, Red and IR LEDs of a 
pulse oXimeter are separately excited (1010) and the respec 
tive Red and IR data vectors output by the detector are 
measured (1020). The Red and IR data vectors are normal 
ized (1030) to unit length Red and IR data vectors. Red to 
IR and IR to Red cross talk vectors are computed (1040). 
The Red to IR cross talk vector may be computed as a vector 
having a length equal to the dot product of the normalized 
Red and IR data vectors With its direction being opposite that 
of the normalized IR data vector. The IR to Red cross talk 
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REDUCED CROSS TALK PULSE OXIMETER 

RELATED APPLICATION INFORMATION 

[0001] The present application claims the bene?t under 35 
USC 120 and is a continuation in part of US. patent 
application Ser. No. 09/712,864 entitled “SIMULTA 
NEOUS SIGNAL ATTENUATION MEASUREMENTS 
UTILIZING CODE DIVISION MULTIPLEXING” ?led 
Nov. 15, 2000, and International Application Serial No. 
PCT/US01/43610 entitled “SIMULTANEOUS SIGNAL 
ATTENUAT ION MEASUREMENTS UTILIZING CODE 
DIVISION MULTIPLEXING” ?led Nov. 15, 2001, and 
designating the United States, Which are hereby incorpo 
rated in their entirety herein. 

FIELD OF THE INVENTION 

[0002] The present invention relates in general to simul 
taneous signal attenuation measurement systems and, in 
particular, to reducing undesired cross talk in pulse oxime 
ters and other such systems that identify attenuation char 
acteristics associated With individual signal components. 

BACKGROUND OF THE INVENTION 

[0003] Signal attenuation measurements generally involve 
transmitting a signal toWards or through a medium under 
analysis, detecting the signal transmitted through or 
re?ected by the medium and computing a parameter value 
for the medium based on attenuation of the signal by the 
medium. In simultaneous signal attenuation measurement 
systems, multiple signals are simultaneously transmitted 
(i.e., tWo or more signals are transmitted during at least one 
measurement interval) to the medium and detected in order 
to obtain information regarding the medium. 

[0004] Such attenuation measurement systems are used in 
various applications in various industries. For example, in 
the medical or health care ?eld, optical (i.e., visible spec 
trum or other Wavelength) signals are utiliZed to monitor the 
composition of respiratory and anesthetic gases, and to 
analyZe tissue or a blood sample With regard to oxygen 
saturation, analyte values (e.g., related to certain hemoglo 
bins) or other composition related values. 

[0005] The case of pulse oximetry is illustrative. Pulse 
oximeters determine an oxygen saturation level of a 
patient’s blood, or related analyte values, based on trans 
mission/absorption characteristics of light transmitted 
through or re?ected from the patient’s tissue. In particular, 
pulse oximeters generally include a probe for attaching to a 
patient’s appendage such as a ?nger, earlobe or nasal sep 
tum. The probe is used to transmit pulsed optical signals of 
at least tWo Wavelengths, typically red and infrared, to the 
patient’s appendage. The transmitted signals are received by 
a detector that provides an analog electrical output signal 
representative of the received optical signals. By processing 
the electrical signal and analyZing signal values for each of 
the Wavelengths at different portions of a patient pulse cycle, 
information can be obtained regarding blood oxygen satu 
ration. 

[0006] Such pulse oximeters generally include multiple 
sources (emitters) and one or more detectors. A modulation 
mechanism is generally used to alloW the contribution of 
each source to the detector output to be determined. Con 
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ventional pulse oximeters generally employ time division 
multiplexing (TDM) signals. As noted above, the processing 
of the electrical signals involves separate consideration of 
the portions of the signal attributable to each of the sources. 
Such processing generally also involves consideration of a 
dark current present When neither source is in an “on” state. 
In TDM oximeters, the sources are pulsed at different times 
separated by dark periods. Because the ?rst source “on” 
period, the second source “on” period and dark periods 
occur at separate times, the associated signal portions can be 
easily distinguished for processing. 

[0007] Alternatively, pulse oximeters may employ fre 
quency division multiplexing (FDM) signals. In the case of 
FDM, each of the sources is pulsed at a different frequency 
resulting in detector signals that have multiple periodic 
components. Conventional signal processing components 
and techniques can be utiliZed to extract information about 
the different frequency components. 

[0008] In order to accurately determine information 
regarding the subject, it is desirable to minimiZe noise in the 
detector signal. Such noise may arise from a variety of 
sources. For example, one source of noise relates to ambient 
light incident on the detector. Another source of noise is 
electronic noise generated by various oximeter components. 
Many signi?cant sources of noise have a periodic compo 
nent. 

[0009] Various attempts to minimiZe the effects of such 
noise have been implemented in hardWare or softWare. For 
example, various ?ltering techniques have been employed to 
?lter from the detector signal frequency or Wavelength 
components that are not of interest. HoWever, because of the 
periodic nature of many sources of noise and the broad 
spectral effects of associated harmonics, the effectiveness of 
such ?ltering techniques is limited. In this regard, it is noted 
that both TDM signals and FDM signals are periodic in 
nature. Accordingly, it may be dif?cult for a ?lter to dis 
criminate betWeen signal components and noise components 
having a similar period. 

[0010] Cross talk may also be a signi?cant source of 
undesirable noise in pulse oximeters. As previously men 
tioned, pulse oximeters measure the attenuation of various 
color light signals such as, for example, Red and Infra-Red 
(IR) Wavelength signals that are transmitted through or 
re?ected from a suitable patient tissue site. The different 
colors of light employed by the pulse oximeter may be 
referred to as channels (e.g., the Red channel and the IR 
channel). The attenuation measurements for each channel 
include a time varying component due to pulsing of the 
patient’s arterial blood and a static component due to 
absorption of the light signals by venous blood, tissues and 
other bodily structures. By employing a ratio of the time 
varying component of the measured attenuation normaliZed 
by the static component of the measured attenuation for each 
channel, pulse oximeters are insensitive to the absolute 
signal strength of each color light signal and amplitude 
measurements of each color light signal transmitted through 
or re?ected from the tissue site can be used to compute the 
patient’s oxygen saturation (SpO2) level. HoWever, offsets, 
feed throughs and other cross talks that add signal to any of 
the measured amplitudes can result in errors in the normal 
iZed attenuations, thus resulting in errors in the SpO2 level 
computed therefrom. For example, system bandWidth limi 
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tations and photo-detector tailing smear the signal from the 
emitter. In this regard, the pulse oximeter system may detect 
the emitter for a particular color light signal as being on 
When it is off. This smearing feeds the signal from one 
emitter into the signal(s) from the other emitter(s) resulting 
in undesired cross talk from one channel into the other 
channel(s) of the oximeter. By Way of further example, some 
portion of the emitter drive signal(s) may be capacitively 
coupled into the detector. Such capacitive cross talk creates 
an offset in the pulse oximeter system that varies betWeen 
particular probe cable/detector units. 

SUMMARY OF THE INVENTION 

[0011] The present invention is directed to a simultaneous 
signal attenuation measurement system employing code 
division multiplexing (CDM). The invention alloWs for 
analysis of a multiplexed signal to distinguish betWeen tWo 
or more signal components thereof based on codes modu 
lated into the signal components. The CDM codes are 
nonperiodic thereby facilitating various processing tech 
niques for distinguishing the signals of interest from noise or 
other interference. Moreover, the invention alloWs for a 
variety of hardWare and processing options that may reduce 
costs, simplify system operation and improve accuracy of 
the attenuation measurements. Further, a reduced cross talk 
pulse oximetry system and method are provided by the 
present invention. The reduced cross talk pulse oximetry 
system and method achieve improved accuracy of pulse 
oximetry measurements using code division multiplexed 
modulated drive signal Waveforms by utiliZing demodula 
tion Waveforms that are optimiZed relative to the attenuated 
light signal components as output by the detector rather than 
the modulated drive signal Waveforms. 

[0012] According to one aspect of the present invention, 
codes are modulated into the transmitted signals of a signal 
attenuation measurement system. The system includes at 
least tWo signal sources (e.g., having different Wavelengths) 
that are pulsed by source drives to a medium under analysis. 
One or more detectors receive the ?rst and second signal 
from the medium (e.g., after transmission through or re?ec 
tion from the medium) and output a composite signal 
re?ecting contributions corresponding to each of the trans 
mitted source signals. The detector signal is thus a multi 
plexed signal composed of at least tWo signal components. 
In accordance With the present invention, the source drives 
are operated to modulate each of the source signals based on 
a nonperiodic signal or a code. For example, each drive may 
pulse a corresponding one of the signal sources betWeen a 
high output or “on” state and a loW value or “off” state. It 
Will be appreciated that, depending on the sources 
employed, substantial photonic energy may be transmitted 
in the nominal “off” state. Accordingly, in the context of the 
source signals, a code may be conceptualiZed as a bit stream 
of “0s” and “Is”, Where “0” corresponds to an off state, “1” 
corresponds to an on state, and the bit length corresponds to 
a base unit of time that generally re?ects the shortest pulse 
length utiliZed in driving the sources. 

[0013] The codes de?ne source signals that have nonpe 
riodic characteristics. That is, due to the codes, there is at 
least a component of each source signal that is not described 
by a regularly repeating temporal pattern. As Will be under 
stood from the description beloW, hoWever, the codes them 
selves may be concatenated in the source signal and a 
periodic modulating signal may carry the coded signal. 
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[0014] A number of preferred characteristics have been 
identi?ed for the codes. Among these are: 

[0015] 1. the codes for the different sources are 
preferably mathematically orthogonal; 

[0016] 2. the numbers of 1s and Us in a code should 
be about the same; 

[0017] 3. the distribution of Is and Os Within a code 
should be fairly even; and 

[0018] 4. the distribution of transitions betWeen 1s 
and 0s Within a code should be fairly even. 

[0019] These preferences and some bases therefor are 
described in detail beloW. The codes utiliZed in accordance 
With the present invention preferably have one or more of 
these characteristics and, more preferably, have all of the 
noted characteristics. 

[0020] According to another aspect of the invention, a 
detector signal is processed in a signal attenuation measure 
ment system to demultiplex the detector signal and extract 
component information therefrom based on nonperiodic 
codes. In particular, the detector signal is ?rst processed to 
provide a processed signal for demultiplexing and the pro 
cessed signal is then demultiplexed using at least one coded 
demultiplexing signal that includes a series of values de?n 
ing a nonperiodic code. Information is thereby obtained 
regarding ?rst and second signal components of the detector 
signal. This information can be utiliZed in an attenuation 
analysis to determine an attenuation related parameter of a 
medium under analysis. 

[0021] The initial processing of the detector signal may 
include various processing steps and components depending 
on the speci?c application and implementation. For 
example, Where the detector signal is an analog signal, initial 
processing may involve analog to digital conversion. Pref 
erably, such conversion is implemented using a fast analog 
to digital converter that digitally samples the detector signal 
multiple times per source cycle. Such a converter in com 
bination With processing techniques enabled by code divi 
sion multiplexing alloWs for improved measurement accu 
racy and hardWare implementation options for certain 
attenuation measurement applications. The initial processing 
may further or alternatively include signal ?ltering to reduce 
undesired components, signal ampli?cation including, e.g., 
DC recti?cation to remove or avoid amplifying DC or loW 
frequency components especially in the case of DC coupled 
sources, and/or other signal enhancement processing. 

[0022] Preferably, the demultiplexing process involves the 
use of a unique demultiplexing signal for each signal com 
ponent of interest, e.g., corresponding to each signal source. 
In this regard, the same codes used for modulating the 
source signals may be used to demodulate the detector 
signal. HoWever, for mathematical convenience, the 
demodulating codes may be conceptualiZed as a series of 
—1s and +1s rather than 0s and Is as discussed above in 
relation to the modulating codes. The coded demodulating 
signal may be ?ltered to compensate for certain Wave shape 
distortions resulting from bandWidth limitations and non 
linearities and/or to reduce response at certain frequencies. 
In addition, the codes may be pre-computed to reduce 
processing requirements. 
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[0023] It has been found that simply establishing orthogo 
nality of the demodulation functions or vectors based on the 
modulating signals of the source drives can result in some 
degree of cross-talk betWeen the channels or impaired noise 
rejection. In particular, due to distortions resulting from 
transmission and processing of the signal betWeen the code 
generator and the digital processing unit that receives the 
digitiZed detector signal, as Well as other sources of noise, 
the received signal may vary relative to the transmitted code. 
Improved performance can be achieved by establishing the 
demodulation vectors relative to the received signals rather 
than the originally generated codes. 

[0024] Moreover, optimiZation of the demodulation vec 
tors in this regard can be implemented for speci?c operating 
environments such as hardWare con?gurations. That is, code 
distortion may depend on the speci?c hardWare components 
employed including, in the case of pulse oXimetry, the 
sources, source drive circuitry, cables, detector, detector 
output circuitry, the components used for ampli?cation and 
other signal conditioning, the A/D converter and associated 
circuitry, as Well as non-equipment factors such as the 
transmission medium and effective optical pathlength 
(including Whether the oXimetry probe is attached to a ?nger, 
ear lobe, nasal septum, etc.) and other ambient in?uences. 
For many pulse oXimetry applications, the principal variable 
in this regard is the identity of the probe that is attached to 
the patient’s appendage. 

[0025] The use of an oversampling A/D converter as 
discussed above alloWs for substantial processing resolution 
in “matching” the demodulation vector to the received code. 
In particular, an oversampling converter may provide many 
samples per modulation signal pulse cycle, e.g., 20 or more 
samples, thereby enabling accurate de?nition of the 
demodulation vectors for a particular operating environ 
ment. 

[0026] Thus, in accordance With another aspect of the 
present invention, a demodulation unit for use in a modu 
lated signal system is provided. The modulated signal sys 
tem includes: a modulation signal generator for generating at 
least ?rst and second modulation signals; signal transmitting 
and processing components for transmitting a signal of 
interest based on the modulation signals and processing the 
transmitted signal; and a processor for receiving the result 
ing processed signal. The demodulation vector unit is opera 
tive for providing demodulation vectors for use by the 
processor in demodulating at least tWo components of the 
processed signal, Where the demodulation vectors are based 
on the eXpected processed signal and re?ect demodulation 
signals that are different than the modulation signals. 

[0027] In a preferred implementation, the modulating sig 
nals re?ect at least tWo mutually orthogonal codes for 
modulating at least tWo components of the transmitted signal 
and the demodulating vectors are de?ned to be orthogonal 
With respect to each of the components as received at the 
processor. The modulated signal system may be a pulse 
oXimeter. An associated method involves receiving a pro 
cessed modulated signal including at least tWo components 
modulated in accordance With input modulation signals and 
demodulating the processed signal using demodulation vec 
tors based on the eXpected processed signal, Where the 
demodulation vectors re?ect demodulation signals that are 
different than the input modulating signals. 
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[0028] In accordance With another aspect of the present 
invention, a process is provided for establishing demodula 
tion vectors for a modulated signal system. The system 
includes a signal generator for transmitting a signal includ 
ing ?rst and second components modulated in accordance 
With ?rst and second modulating codes, signal processing 
components for processing the transmitted signal and a 
processor for receiving the resulting processed signal. The 
process for establishing demodulation vectors involves: 
operating the system to transmit a ?rst transmitted signal 
corresponding to the ?rst signal component; receiving a ?rst 
processed signal corresponding to said ?rst transmitted 
signal as received at the processor; decoding the ?rst trans 
mitted signal to obtain a ?rst received code; generating a ?rst 
demodulation vector based on (e.g., orthogonal to) the ?rst 
received code, and repeating such processing steps With 
regard to a second transmitted signal corresponding to the 
second signal component. 

[0029] In the conteXt of pulse oXimetry, this process may 
be conducted as part of a manufacturing or calibration 
process. For eXample, demodulation vectors may be estab 
lished or updated for a given unit, unit type or model based 
on a variety of operating environments. Thus, a unit under 
consideration may be operated, for example, in a variety of 
equipment con?gurations involving different probes, differ 
ent cables and/or other equipment variations. For each such 
permutation of equipment con?guration or associated 
parameters, appropriate demodulation vectors may be estab 
lished and stored. During use, the appropriate vectors are 
applied based on the current equipment con?guration or 
operating parameters/conditions. 

[0030] In accordance With another aspect of the present 
invention, a demodulation unit is operated based on a 
recogniZed operating environment. The demodulation unit is 
used in connection With a modulated signal system as 
described above. The system is operated to transmit a signal 
including at least one component modulated based on a 
modulation code. The demodulation unit obtains operating 
environment information related to the processed signal as 
received at the processor, performs a comparison to stored 
demodulation information based on the operating environ 
ment information, and selectively provides at least one 
demodulation vector based on the comparison. 

[0031] The operating environment may be identi?ed 
manually or automatically. In this regard, a user can manu 
ally identify the operating environment by entering appro 
priate information into the system, for eXample, in the 
conteXt of pulse oXimetry, identifying the probe, cable and 
other equipment and/or the patient appendage under con 
sideration. Alternatively, the operating environment may be 
identi?ed automatically, for eXample, in the case of pulse 
oXimetry by operating one or more channels of the oXimeter 
to transmit a signal modulated in accordance With knoWn 
code or codes, and comparing the received signal to a library 
of processed modulated signals or demodulation vectors to 
identify any match. In either case, the identi?ed operating 
environment may be used to select appropriate demodula 
tion vectors or to lock-out unauthoriZed or otherWise unsup 
ported equipment con?gurations, thereby better assuring 
proper performance and patient safety. 

[0032] According to one more aspect of the present inven 
tion, a method for demodulating ?rst and second attenuated 
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signal components Within a composite signal output by at 
least one detector of a pulse oXimeter includes the steps of 
generating ?rst and second demodulation vectors. In this 
regard, the ?rst and second attenuated signal components 
correspond to ?rst and second multiplexed signals (e.g., 
code division multiplexed signals) that are emitted by ?rst 
and second optical signal sources of the pulse oXimeter, 
attenuated by a patient tissue site and received by the 
detector. The ?rst demodulation vector generated is for use 
in demodulating the ?rst attenuated signal component from 
the composite signal. In this regard, the ?rst demodulation 
vector is generated to be substantially orthogonal to the 
second attenuated signal component of the composite signal 
output by the detector, rather than orthogonal to second 
signal as emitted from the second optical signal source. The 
second demodulation vector generated is for demodulating 
the second attenuated signal component from the composite 
signal. In this regard, the second demodulation vector is 
generated to be substantially orthogonal to the ?rst attenu 
ated signal component of the composite signal, rather than 
orthogonal to the ?rst signal as emitted from the ?rst optical 
signal source. The method further comprises the steps of 
demodulating the composite signal With the ?rst and second 
demodulation vectors to obtain the magnitude of the ?rst and 
second attenuated signal components, respectively. 
[0033] In one embodiment, the ?rst and second demodu 
lation vectors are generated prior to using the pulse oXime 
ter, and the ?rst and second demodulation vectors remain 
?Xed While the pulse oXimeter is used to monitor a patient. 
In another embodiment, the ?rst and second demodulation 
vectors are initially generated prior to using the pulse 
oXimeter to monitor a patient, and the ?rst and second 
demodulation vectors are then adjusted dynamically While 
the pulse oXimeter is used. In this regard, the ?rst and second 
demodulation vectors may be adjusted by applying one or 
more correction factors that are dynamically computed from 
information included in at least the ?rst and second attenu 
ated signal components of the composite signal. For 
eXample, Where the ?rst and second signals are Red and IR 
signals and, thus, the ?rst and second signal components are 
Red and IR signal components, the correction factor(s) 
applied may, for eXample, be a Red signal to IR signal 
component cross talk correction factor, an IR signal to Red 
signal component cross talk correction factor, a Red optical 
signal source capacitive coupling to Red signal component 
correction factor, a Red optical signal source capacitive 
coupling to IR signal component correction factor, an IR 
optical signal source capacitive coupling to IR signal com 
ponent correction factor, and/or an IR optic al signal source 
capacitive coupling to Red signal component correction 
factor. 

[0034] The ?rst and second demodulation vectors may, for 
eXample, be generated in the folloWing manner. Only the 
?rst optical signal source of the pulse oXimeter is operated 
and a ?rst data vector output from the detector When 
operating only the ?rst optical signal source is recorded. 
Likewise, only the second optical signal source of the pulse 
oXimeter is operated, and a second data vector output from 
the detector When operating only the second optical signal 
source is recorded. In this regard, each source may be 
operated through multiple cycles of its modulation drive 
code and the results averaged to obtain the ?rst and second 
data vectors. A ?rst scalar value corresponding to cross talk 
from operation of the second optical signal source into the 
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?rst data vector is computed and a second scalar value 
corresponding to cross talk from operation of the ?rst optical 
signal source into the second data vector is computed. The 
?rst and second scalar values may be computed by normal 
iZing the ?rst and second data vectors and computing the dot 
product of the ?rst and second data vectors. A?rst correction 
vector having a direction opposite the direction of the ?rst 
data vector and a magnitude given by the ?rst scalar value 
is formed, and a second correction vector having a direction 
opposite the direction of the second data vector and a 
magnitude given by the second scalar value is also formed. 
The ?rst demodulation vector is then obtained by subtracting 
the ?rst correction vector from the ?rst data vector, and the 
second demodulation vector is then obtained by subtracting 
the second correction vector from the second data vector. 

[0035] According to one more aspect of the present inven 
tion, a method of correcting for undesired non-orthogonal 
signal components and interferences in a composite signal 
output by a detector of multi-channel pulse oXimeter 
includes the step of demodulating the composite signal using 
matched ?lters that correspond, respectively, to ?rst and 
second signal components present in the composite signal to 
obtain at least ?rst and second uncorrected demodulated 
signal components corresponding to the ?rst and second 
signal components. The method also includes the step of 
demodulating the composite signal using matched ?lters 
corresponding, respectively, to ?rst and second interferences 
present in the composite signal to obtain at least ?rst and 
second demodulated interferences. In one embodiment, the 
?rst signal component is associated With a Red Wavelength 
light signal that has been attenuated by a patient tissue site, 
the second signal component is associated With an IR 
Wavelength light signal that has been attenuated by the 
patient tissue site, the ?rst interference comprises capacitive 
coupling from a Red Wavelength optical signal source into 
the ?rst signal component, and the second interference 
comprises capacitive coupling from the IR Wavelength opti 
cal signal source into the ?rst signal component. Having 
demodulated the composite signal to obtain the demodulated 
interferences and uncorrected demodulated signal compo 
nents, a ?rst corrected demodulated signal component cor 
responding to the ?rst signal component is then obtained by 
subtracting the second uncorrected demodulated signal com 
ponent and the ?rst and second demodulated interferences 
from the ?rst uncorrected demodulated signal component. 
The method may further include the step of demodulating 
the composite signal using matched ?lters corresponding, 
respectively, to third and fourth interferences present in the 
composite signal to obtain at least third and fourth demodu 
lated interferences. In one embodiment, the third interfer 
ence comprises capacitive coupling from a Red Wavelength 
optical signal source into the second signal component, and 
the fourth interference comprises capacitive coupling from 
the IR Wavelength optical signal source into the second 
signal component. Having also demodulated the third and 
fourth interferences, a second corrected demodulated signal 
component corresponding to the second signal component is 
then obtained by subtracting the ?rst uncorrected demodu 
lated signal component and the third and fourth demodulated 
interferences from the second uncorrected demodulated sig 
nal component. 

[0036] According to one more aspect of the present inven 
tion, a reduced cross talk pulse oXimetry system includes at 
least ?rst and second optical signal sources, at least one 
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detector, an analog-to-digital converter, and a digital pro 
cessor. The ?rst and second optical signal sources are 
operable to transmit ?rst and second optical signals in 
response to modulated drive signals (e.g., code division 
multiplexed drive signals). The detector is operable to detect 
the ?rst and second signals after the ?rst and second signals 
are attenuated by a patient tissue site. The detector outputs 
an analog composite signal including at least ?rst and 
second attenuated signal components corresponding to the 
attenuated ?rst and second signals. The analog-to-digital 
converter is operable to convert the analog composite signal 
output by the detector to a digital composite signal having a 
plurality of sample instances. The digital processor is oper 
able to demodulate the digital composite signal With a ?rst 
demodulation vector to obtain a magnitude of the ?rst 
attenuated signal component and is also operable to 
demodulate the digital composite signal With a second 
demodulation vector to obtain a magnitude of the second 
attenuated signal component. The ?rst and second demodu 
lation vectors are established relative to the ?rst and second 
signal components in the composite signal rather than the 
modulation drive codes used to drive the optical signal 
sources. In this regard, the ?rst demodulation vector is 
substantially orthogonal to the second attenuated signal 
component and the second demodulation vector is substan 
tially orthogonal to the ?rst attenuated signal component. 

[0037] The reduced cross talk pulse oximetry system may 
further include a demodulation vector unit that is operable to 
provide the ?rst and second demodulation vectors to the 
digital processor. In this regard, the demodulation vector 
unit may select the ?rst and second demodulation vectors 
based on identi?cation of an operating environment. For 
example, the demodulation vector unit may be con?gured to 
receive manually entered information from a user of the 
pulse oximetry system, With the manually entered informa 
tion identifying the operating environment. The demodula 
tion vector unit may also be con?gured to automatically 
identify the operating environment by operating at least one 
of the optical signal sources to transmit a signal modulated 
in accordance With a knoWn code and comparing an attenu 
ated signal received by the detector With a library of pro 
cessed modulated signals. 

[0038] Once selected by the demodulation vector unit, the 
?rst and second demodulation vectors may be ?xed during 
demodulation of the composite signal, or the digital proces 
sor may further be operable to dynamically adjust the ?rst 
and second demodulation vectors provided by the demodu 
lation vector unit during operation of the pulse oximetry 
system. In this regard, the digital processor may dynamically 
adjust the ?rst and second demodulation vectors by sub 
tracting one or more correction factors from the ?rst and 
second demodulation vectors. The digital processor may 
compute the correction factor(s) for each sample instance of 
the digital composite signal and adjust the demodulation 
vectors accordingly. In one embodiment, the ?rst and second 
optical signal sources are Red and IR LEDs, the ?rst and 
second signals are Red and IR signals, the ?rst and second 
signal components are Red and IR signal components, and 
the correction factor(s) is/are a Red signal to IR signal 
component cross talk correction factor, an IR signal to Red 
signal component cross talk correction factor, a Red optical 
signal source capacitive coupling to Red signal component 
correction factor, a Red optical signal source capacitive 
coupling to IR signal component correction factor, an IR 
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optical signal source capacitive coupling to IR signal com 
ponent correction factor, and/or an IR optical signal source 
capacitive coupling to Red signal component correction 
factor. 

[0039] These and other aspects and advantages of the 
present invention Will be apparent upon revieW of the 
folloWing Detailed Description When taken in conjunction 
With the accompanying ?gures. 

DESCRIPTION OF THE DRAWINGS 

[0040] For a more complete understanding of the present 
invention and further advantages thereof, reference is noW 
made to the folloWing detailed description, taken in con 
junction With the draWings, in Which: 

[0041] FIG. 1 is a schematic diagram of a pulse oximeter 
in connection With Which the present invention may be 
implemented; 
[0042] FIG. 2 is a block diagram illustrating a code 
division multiplexing system in accordance With the present 
invention; 
[0043] FIG. 3 illustrates tWo drive signals re?ecting codes 
that may be used in the code division multiplexing system of 
the present invention; 

[0044] FIG. 4 illustrates tWo drive signals, re?ecting 
codes transmitted using a carrier Wave in accordance With 
the present invention; and 

[0045] FIG. 5 is a ?oWchart illustrating a code division 
multiplexing process in accordance With the present inven 
tion. 

[0046] FIG. 6 is a schematic diagram of demodulation 
code generator for use in manufacturing or calibration; 

[0047] FIG. 7 is a schematic diagram of a pulse oximeter 
processing unit implementing vector selection and lock-out 
logic in accordance With the present invention; 

[0048] FIG. 8 is a How chart illustrating a run-time 
process for vector selection and lock-out in accordance With 
the present invention; 

[0049] FIG. 9 is a vector diagram illustrating one manner 
of obtaining optimiZed demodulation vectors in accordance 
With the present invention; 

[0050] FIG. 10 is a How chart summariZing the steps 
involved in generating the optimiZed demodulation vectors 
shoWn graphically in FIG. 9; 

[0051] FIG. 11 is a How chart shoWing one embodiment 
of a process of correcting for non-orthogonal patterns in the 
composite detector signal in accordance With the present 
invention; and 

[0052] FIG. 12 is a How chart shoWing another embodi 
ment of a process of correcting for non-orthogonal patterns 
in the composite detector signal in accordance With the 
present invention. 

DETAILED DESCRIPTION 

[0053] The code division multiplexing system of the 
present invention may be used in a variety of signal attenu 
ation measurement devices. In the folloWing description, the 
invention is set forth in the context of a pulse oximeter used 
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to measure blood oxygen saturation or related blood analyte 
values. As Will be described beloW, the invention has par 
ticular advantages in the context of pulse oximetry including 
alloWing for improved noise reduction and oximeter com 
ponent options. HoWever, While pulse oximetry represents a 
particularly advantageous application of the present inven 
tion, it Will be understood that various aspects of the present 
invention are more broadly applicable in a variety of simul 
taneous signal attenuation measurement contexts. 

[0054] In the folloWing description, the pulse oximetry 
environment is ?rst described With reference to a speci?c 
pulse oximeter embodiment. Thereafter, speci?c implemen 
tations of the code division multiplexing system of the 
present invention are described. 

[0055] Referring to FIG. 1, a pulse oximeter in accor 
dance With the present invention is generally identi?ed by 
the reference numeral 100. The pulse oximeter 100 includes 
tWo or more light sources 102 for transmitting optical 
signals through an appendage 103 of a patient. In the 
illustrated embodiment, tWo light sources 102 are shoWn. 
For example, the light sources 102 may include a red LED 
and an infrared LED. The light sources 102 are driven by 
light source drives 104 in response to drive signals from a 
digital signal processing unit 116. In the illustrated embodi 
ment, as Will be described in more detail beloW, the signals 
from the light sources 102 are modulated using different 
code sequences. For example, the source drive 104 associ 
ated With the red light source 102 may pulse the red light 
source in accordance With a ?rst code sequence and the light 
source drive 104 associated With the infrared light source 
102 may pulse the infrared light source 102 in accordance 
With a second code sequence different from the ?rst code 
sequence. It Will be appreciated that such a multiplexing 
system does not result in a periodic signals such as in the 
case of time division multiplexed or frequency division 
multiplexed signals. In particular, the pulsing of the sources 
102 betWeen “on” and “off” states does not de?ne a regularly 
repeating Waveform. It should also be noted that although 
the folloWing description references “on” and “off” cycles 
for each of the sources 102, in reality, the optical signals 
associated With each source 102 do not de?ne an ideal 
square Wave. For example, substantial photonic energy is 
emitted even in the “off” state in the case of DC coupled 
sources. In addition, the intensity transmitted by each of the 
sources 102 can vary substantially Within an “on” cycle. The 
ability to recogniZe and address such non-ideal characteris 
tics is an advantage of the present invention. 

[0056] The optical signals transmitted by the light sources 
102 are transmitted through the patient’s appendage 103 and 
impinge upon a detector 106. In this regard, a positioner 108 
provides for proper alignment of the sources 102 and the 
detector 106. Various different types of positioners 108 are 
available depending, for example, on the appendage to be 
irradiated and on the patient (e.g. different positioners 108 
may be provided for neonatal and adult patients). One 
typical type of positioner 108 is provided in the form of a 
clothespin-like clamp Which engages a patient’s ?ngertip. 
When the positioner 108 is engaged on the patient’s ?nger 
tip, the light sources are positioned on one side of the 
patient’s ?nger and the detector 106 is positioned on the 
opposite side in alignment With the light sources so as to 
receive the optical signals transmitted through the patient’s 
?nger. It Will be appreciated that, in alternative implemen 
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tations, a re?ective pulse oximeter may be employed 
Whereby the sources and detector are located on the same 
side of the patient’s appendage so as to receive optical 
signals re?ected back from the patient’s tissue. 

[0057] The detector 106 receives the optical signals trans 
mitted through the patient’s appendage 103 and provides an 
analog signal representative of the received optical signals. 
In the illustrated embodiment, the detector 106 outputs an 
analog current signal Where the magnitude of the current at 
any given time is proportional to the cumulative intensity of 
the received optical signals. The detector signal in the 
illustrated embodiment is then processed by an ampli?er 
circuit 110. The ampli?er circuit may serve a number of 
functions. First, the illustrated ampli?er circuit is operative 
for converting the input analog current signal from the 
detector 106 into an analog voltage signal. The ampli?er 
circuit 110 may also be operative for subtracting certain DC 
and loW frequency components from the detector signal. For 
example, one DC component Which may be subtracted from 
the detector signal relates to photonic energy transmitted by 
the sources 102 during “dark periods.” That is, as noted 
above, practical source implementations generally transmit 
a signal of some intensity even during off periods. In 
addition, loW frequency ambient light may be subtracted 
from the detector signal. The ampli?er circuit 110 may also 
?lter out certain high frequency electronic noise and provide 
other signal processing functionality. 

[0058] The ampli?er circuit 110 outputs an analog voltage 
signal Which is representative of the optical signals (or 
frequency division multiplexed signal) from the sources 
102. This analog voltage signal is received by a fast A/D 
converter 112 Which samples the analog voltage signal to 
generate a digital voltage signal Which can be processed by 
the digital signal processing unit 116. In particular, the 
converter 112 preferably takes multiple digital samples per 
cycle of each of the sources 102. That is, the sampling rate 
of the converter 112 is suf?ciently fast to take multiple 
samples, for example, at least about 20 samples per “on” 
period of each of the sources 102. Such multiple sampling 
per cycle alloWs the oximeter to track the shape of the 
detector signal, to alloW for reduced noise processing of the 
resulting digital signal and to identify phase components of 
interest Within a signal cycle. Multiple samples per dark 
period are also obtained. It Will thus be appreciated that the 
values output by the converter 112 are not integrated or 
aggregate values corresponding to a source cycle period or 
dark period, but rather, are substantially instantaneous val 
ues re?ecting the detector signal at a moment Within a cycle. 

[0059] The digital signal processor 116 implements a 
number of functions. Of particular importance to the present 
invention, and as Will be described in more detail beloW, the 
processor 116 includes a demultiplexer module, i.e., the 
processor executes a variety of demultiplexing softWare/ 
logic functions including generating or otherWise obtaining 
a coded demultiplexing signal corresponding to each signal 
component associated With each source, processing the 
composite signal using each of the demultiplexing signals to 
obtain a set of values re?ecting the contribution of each 
source, and using these value sets to obtain instantaneous 
intensity related values for each of the sources. The proces 
sor 116 also includes a parameter calculation module for 
calculating blood oxygen saturation or related parameter 
values using knoWn algorithms. 
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[0060] FIG. 2 illustrates a code division multiplexing 
system 200 that can be implemented in the pulse oximeter 
100 of FIG. 1 in accordance With the present invention. The 
system 200 includes a code module 202 for providing codes 
that are used to modulate the sources and demultiplex the 
detector signal. A number of preferred criteria have been 
identi?ed With respect to the codes employed. First, these 
codes are preferably selected, relative to one another, in a 
manner that alloWs for processing so as to accurately dis 
tinguish the contributions of each of the sources. In this 
regard, the codes may be substantially orthogonal to reduce 
any interference betWeen the tWo signal components, or 
“channels”, corresponding to the tWo different sources and 
their Wavelengths/spectral composition. As noted above, the 
codes may be conceptualiZed as binary sequences. In the 
context of the sources it is convenient to conceptualiZe the 
code sequence in terms of 0 and 1 bits corresponding to the 
off or loW output state, on the one hand, and the on or high 
output state on the other. In the case of the demultiplexing 
signal, the bits are conceptualiZed as —1 and +1 for math 
ematical convenience. In the folloWing discussion, the —1 
and +1 convention is used. The folloWing sequences illus 
trate the concept of code orthogonality as Well as the 
mathematical convenience of +1s and —1s for a particular 
processing technique: 

[0061] The ?rst line above is a ?rst code sequence and the 
second line above is a second code sequence. These tWo 
code sequences are orthogonal in that half the time that the 
bit value of the ?rst code is —1, the bit value of the second 
code is —1 and vice versa. The other half of the time the bit 
values are opposite. A similar relationship holds for bit 
values of 1. The third line above is the bit-by-bit product of 
the ?rst tWo code sequences. Because the corresponding bits 
of the codes are the same half of the time (producing a 
product of +1) and different the other half of the time 
(producing a product of —1), the sum of the bits in the third 
line above is 0. By contrast, the sum of the products of tWo 
identical codes Would be equal to the number of bits in the 
code. As Will be described beloW, this property facilitates 
isolation of the portion of the multiplexed detector signal 
attributable to each of the sources and obtainment of a value 
indicative of the intensity of that received signal at a given 
time or time period. 

[0062] For example, the use of the folloWing eight code 
segments in equal numbers Will alloW for generation of a 
number of suitable orthogonal code sequences: 
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[0063] It Will be observed that these four bit segments 
include even numbers of —1s and/or +1s alloWing for gen 
eration of codes based on combinations of these segments 
that are orthogonal as discussed above. Similar segments of 
different bit lengths may be used as a basis for generating 
orthogonal code sequences. 

[0064] In addition to orthogonality, preferred codes for the 
illustrated implementation of the invention have a substan 
tially equal number of +1s and —1s. In this manner, intro 
duction of a DC offset is avoided as the code value integrates 
to Zero over relevant intervals. 

[0065] A further preferred code criterion is that the distri 
bution of +1s and —1s in a code sequence should be 
relatively even. Most preferably, the numbers of +1s and —1s 
should be the same in each half of the pattern, each quarter 
of the pattern, each eighth of the pattern, etc., as far as 
practicable. Such spreading out of the +1s and —1s in a code 
sequence reduces the likelihood that loW frequency noise 
Will interfere With measured values. 

[0066] Additionally, it is preferred that the transitions 
from —1 to +1 and vice versa be substantially evenly 
distributed in a code sequence so as to provide signals 
having similar energies. In this regard, it is preferable that 
the code can be divided into an integer number of segments 
Where the number of transitions in each segment is substan 
tially the same. 

[0067] The codes can be generated according to the output 
of a random number generator, by an explicit algorithm, or 
by a stored series of values. In the case of a random number 
generator or explicit algorithm process, one or more of the 
criteria above can be applied by logic running on the digital 
signal processing platform at run-time. With stored values, 
the criteria can be applied at run-time or at the time the codes 
are generated. As discussed beloW, in one preferred imple 
mentation, the codes are pre-generated and stored to reduce 
processing/storage resource requirements. The codes can 
then be concatenated in generation of the drive signals. 

[0068] These CDM codes are used by the drivers 204 for 
the respective sources 206 to encode or modulate the signals 
transmitted by the sources 206. Such encoded signals are 
generally illustrated in FIGS. 3-4. For purposes of illustra 
tion, FIGS. 3-4 shoW idealiZed square Waves. It Will be 
appreciated, hoWever, that practical implementations may 
include Waveforms that are someWhat distorted. 

[0069] FIG. 3 illustrates tWo code sequences that may be 
transmitted by tWo respective sources during a given time 
period. It Will be observed that the illustrated sources are 
pulsed betWeen an on or high state (+1) and an off or loW 
state (—1). The shortest time period of these states is taken 
to be a bit length. The resulting code sequences are repro 
duced above the signal Waveforms in FIG. 3. The signals are 
labeled red and infrared corresponding to tWo channels 
commonly used in pulse oximetry. Additional channels or 
alternative channels may be utiliZed in accordance With the 
present invention. 

[0070] FIG. 4 illustrates another tWo code sequences. In 
this case, the code sequences are further modulated using a 
carrier code. In this case, a 10 carrier pair is used to transmit 
a +1 code bit and a 01 carrier pair is used for a 0 code bit. 
The corresponding carrier pairs and associated code bit 
values for each code sequence are shoWn in FIG. 4. Such 






















